The temperature change is very large for steel structures under solar radiation, and this temperature change can induce remarkable nodal displacement and member stress. In order to obtain the temperature distribution and thermal behavior of large span steel structures under solar radiation, a numerical simulation method was presented in this paper based on the ASHRAE model. In order to provide insights into temperature distribution and provide data to verify the presented numerical simulation method, ten steel plate specimens with different aspect ratios and orientations were investigated by measuring their temperatures under solar radiation. The parameter values in the numerical simulation model were modified by the tests results. Using the temperature numerical simulation method, the temperature distribution and thermal behavior of a typical steel structure, the lattice shell structures, were studied. The study showed that: 1) the solar radiation had a significant effect on the temperature distribution of steel structures. Considering the solar radiation, the temperature of steel structures is about 20 o C higher than the corresponding ambient air temperature; 2) the temperature change is similar to sine curve from sunrise to sunset; 4) the solar radiation has a remarkable effect on the member stress, nodal displacement and reaction force.
INTRODUCTION
Steel structures have been popular in recent years. They have many engineering advantages, such as light weight, fast assembly, large span capability and ease to form various attractive geometrical surfaces. Therefore, steel structures are applied particularly in sport stadiums and gymnasiums, exhibition centers, airport, factory buildings.
In the past decades, most researches were devoted to design approaches and investigation on the structural behavior of steel structures. In the design process of steel structures, the structural behavior under the gravity load, dead load, live load, wind load, thermal load, snow load and earthquake action are analyzed. For large span steel structures, the thermal load has a significant effect on its structural behavior. The thermal load includes two types. The first thermal load is that induced by ambient. The second thermal load is that induced by fire. Some investigations were carried out in the past years to understand the structural behavior of steel structures under both thermal load types [1] [2] [3] [4] .
The first thermal load for all steel structures was considered uniformly in the past years. However, the thermal load of some special steel structures induced by ambient is more no-uniform and higher than the corresponding ambient air temperature due to the solar radiation. The special steel structures include three types. The first type is the steel structures exposed to solar radiation, such as the steel arches shown in Figure 1 . The second type is the steel structures which use glass or ETFE as its roof materials, such as the steel arches shown in Figure 2 . The third type is the steel structures which use light steel as its roof materials, such as the steel structure shown in Figure 3 .
For the first and the second type steel structures, the solar radiation can irradiate on the steel surface directly. For the third type, the temperature of the steel roof above steel structures is very high because the solar radiation can irradiate on its surface directly, and the distance between the steel structure member and the steel roof is very small. Therefore, the temperature of steel structures was similar to the above light steel roof. Therefore, the solar radiation can induce higher and more no-uniform thermal load for the above three types steel structures. For large-span steel spatial structures, thermal load caused by solar radiation may lead some members to ultimate state [5] [6] [7] [8] [9] [10] . However, a precise numerical simulation method for the temperature distribution under solar radiation is scarcely mentioned in the published papers. Therefore, the thermal load is difficult to determine in the design process of steel structures. This limitation motivates this study on the numerical simulation method of temperature distribution of steel structures under solar radiation.
NUMERICAL SIMULATIONS METHOD
In 1950s, many researchers had already begun to evaluate the temperature distribution of pavements [11] [12] , bridges [13] [14] [15] and dams [16] considering the solar radiation. In these studies, the one-dimensional or two-dimensional heat conductivity model was adopted in the numerical simulation. However, the temperature distribution of the spatial steel structures cannot be predicted using these numerical methods under solar radiation because of its three-dimension spatial property.
In this paper, a three-dimensional transient thermal FE model was developed for the analysis on the temperature distribution of large span steel structures under solar radiation based ASHRAE model in ANSYS software.
Boundary Condition
For any steel members exposed to solar radiation, the heat flow acting on its surface includes convection heat, solar radiation and long wave radiation among ground, sky and steel surface. Therefore, the temperature boundary condition for the steel members exposed to solar radiation is defined as:
Where h is heat convection coefficient ( w m C ).The thermal properties of steels were acquired from the corresponding codes as listed in Table 1 . 
The heat convection coefficient can calculated using following equation presented by Yazdanian and Klems [17] :
Where t C is the turbulent natural convection constant; T  is the temperature difference between the exterior surface and the ambient air; a, b is the constants; 0 V is the wind speed at standard conditions.
Solar Radiation
The ASHRAE clear-sky model was adopted in this study to calculate the solar radiation striking the surface of steel members. In this model, the total global solar radiation is assumed to be the sum of direct radiation, diffuse radiation, and the solar radiation reflected from the surrounding surface. At the earth's surface on a clear day, the value of solar radiation is defined as [16] exp( sin )
Where ND G = normal direct radiation, On a surface of arbitrary orientation, the direct radiation, corrected for clearness, is [16] :
Where is the angle of incidence between the sun's rays and the normal to the surface as shown in Figure 4 . Note that ifθis less than zero, there is no direct radiation incident on the surface-it is in the shade. The angle  can be calculated by following equations [16] : cos cos cos sin sin cos for a tilt surface cos cos cos for a vertical surface cos sin for a horizontal surface
Where  is surface solar azimuth as it shown in Figure 5 ;  is tilt angle as it shown in Figure 5 ;  is solar azimuth as it shown in Figure 5 ;  is surface azimuth as it shown in Figure 5 . The diffuse radiation [16] on a non-horizontal surface is given as follows
Where C is the ratio of diffuse irradiation on a surface to direct normal radiation; ws F the angle factor between the surface and the sky, and it can be evaluated by (1 cos ) 2
Then, for vertical surface, the diffuse sky radiation [16] is given by: 
In determining the total rate at which radiation strikes a non-horizontal surface at any time, one must also consider the energy reflected from the ground or surroundings onto the surface. Assuming the ground and surroundings diffusely reflect, the reflected radiation [16] incident on the surface is:
Where: R G = rate at which energy is reflected onto the surface, 2 W m ; g  = reflectance of ground or horizontal surface; wg F = configuration or angle factor from surface wall to ground, defined as the fraction of the radiation leaving the surface of interest that strikes the horizontal surface or ground directly. For a surface at a tile angle to the horizontal:
To summarize, the total solar radiation incident on a non-vertical surface would be found by adding the individual components: direct component, sky diffuse and reflected component:
Similarly, the total solar radiation incident on a vertical surface would be found by adding the individual components: direct component, sky diffuse and reflected component:
Where  is the solar absorption coefficient. The solar radiation absorption is affected by its color and smoothness of steel plates. 0.6 was adopted in this study based on the test data.
The parameters A, B, and C in the above equations should be determined based on the characteristics of solar radiation at the experiment site. Unfortunately, this information is not yet available. To overcome this problem, the following expressions of parameters A, B, and C for Beijing were adopted [18] . The parameters A, B, and C are given as 1326.54 2 W m , 0.404, and 0.181 on 22 th July, 2010.
Based on the environmental conditions of the experiment site, the parameter for the ASHRAE clear sky model was chosen as N c =1.0.
The ground radiation reflectance is affected by its color and smoothness. The value of ground radiation reflectance of bituminous surface is 0.15 based on test data.
Long Wave Radiation
The long wave radiation on the surface of steel plates can be expressed by Stefan-Boltzmann equation [6] :
Where f  is the ratio of the radiation emitted by a surface;  is Stefan-Boltzmann constant=   The ambient temperature is a critical parameter affecting the steel temperature, because the convection heat transfer between steel surface and air is determined by the ambient temperature and the long wave radiation irradiating on steel surface. In this paper, the air temperature data for the experiment site were used as shown in Figure 6 and Figure 7 . Compared with the temperature data measured on the experimental site, the temperature defined by Eq. 17 is consistent with the temperature data. Therefore, the Eq. 17 can be used to determine the temperature daily variation in the case that the temperature cannot be available.
Detailed Steps
Except for steel tubes, the members of steel structures can be divided into some steel plates, for example, the box-sectional steel member is comprised of four rectangular steel plates or eight triangle steel plates. Therefore, here a arbitrary triangle steel plate was used to describe the detailed steps of the three-dimensional transient thermal FE in ANSYS:
Step 1: Build FE model using Shell57 element, and the triangular option was adopted.
Step 2: Calculate the geometric parameters of Shell57 referred by the solar radiation and long wave radiation.
Step 3: Calculate the solar radiation using calculation formulae presented in Section 2.2.
Step 4: Calculate the long wave radiation using calculation formulae presented in Section 2.3.
Step 5: Carry out transient thermal analysis at initial time t
Step 6: Calculate the long wave radiation at t t   using calculation formulae presented in Section 2.3.
Step 7: Re-carry out transient thermal analysis; Step 6 through Step 7 are repeated until the time is up to the end time.
3.
TEST VERIFICATION
Experimental Program
Ten steel plate specimens were tested to provide insights into temperature distribution of steel structures under solar radiation in summer, and provide data to verify the above numerical simulation method. In order to study the effect of cross-section dimensions and orientation on the temperature distribution, these specimens had different cross-section dimensions and orientations from each other. The cross-section dimension and orientation of each specimen is listed in Table 2 as well as shown in Figure 8 . In order to obtain the temperature distribution of steel plates, four measured point were designed for ten specimens. An additional measured point was designed for Specimen PT1 and PT6, which was located on the back of measured Point 1. In this test, infra-red temperature meter was used to obtain the temperature of each measured point.
For all the steel plate specimens, the temperature measure points are arranged as Figure 9 shows. The data were obtained at 6:00 am, 8:00 am, 10:00 am, 12:00 am, 13:00 pm, 14:00 pm, 15:00 pm, 16:00 pm, 17:00 pm, 18:00 pm and 19:00 pm on 22th and 23rd July, 2010. 
Results Analysis
The temperature-time curves at the maximal temperature and the minimal temperature for each specimen are represented in Figure 10 . The temperature-time curves for measure Point 4 and 5 of Specimen PT1 and PT6 are given in Figure 11 . The temperature obtained from the transient analysis of each specimen is also shown in Figure 10 and Table 3 . It is clear that T FEL (results obtained from the transient analysis) was generally more than T T (results obtained from the tests) with a ratio of 1.0 to 1.2. Therefore, it is clear that the strength T FEL was generally consistent with the test results, with a maximum difference of 20.63%.
Reasons attributing to the discrepancies might be due to variance in the solar radiation model, variance in solar radiation absorption and ground reflectance, precision of infra-red temperature meter, etc. In the test process, the clouds may shelter against solar radiation, which resulted in a decrease of the steel plate specimen's temperature. In order to study the effect of solar radiation decrease on steel plate specimens, the temperature variation of specimen PT7 was obtained To sum up the above arguments, the FE simulation results for the steel plate test specimens were generally considered to be precise. Based on the test and numerical results, the following conclusions were drawn on the curves of these figures:
1) For the measure points from Point 1 to Point 4, the temperature-time curves of the maximal temperature point were identical to those of the minimal temperature points. It indicated that the temperature of steel plate was uniformly distributed under solar radiation.
2) The temperature-time curves of all the points were similar to sine curve, and for all the specimens, the maximal temperatures usually occurred at 11:00 am~14:00 pm.
3) The maximal temperature obtained in this experiment was 54. 4) The temperature-time curves of Measure Point 4 of specimen PT1 and PT6 were identical to those of Measure Point 5. It showed that the temperature in thickness direction was also uniformly distributed.
5) For all the specimens, the maximal temperature was different from each other, and the maximal difference reached 6.7 0 C . The temperature distribution of steel plates was affected by their orientation.
EXAMPLE ANALYSES

The Studied Model
In order to study the temperature distribution and thermal behavior of steel spatial structures considering the solar radiation, a single-layer lattice shell was designed. This single-layer lattice shell was with a span of 92 m and a rise of 17 m. steel pipes of  203 mm×6 mm,  219 mm×7 mm,  245 mm×7 mm,  273 mm×8 mm,  299 mm×8 mm were used as the principal members.
The single-layer lattice shell was supported by twenty-four concrete columns. In this study, the boundary conditions were assumed to be simply supported. The studied model was shown in Figure  13 . Figure 13 . The Studied Model
The light steel roof was used as roof material above the structural members. The temperature of steel members in the single-layer lattice shell was assumed to be similar to the temperature of the above light steel roof.
Temperature Distribution of Steel Roof
Using the numerical simulation method presented in this paper, the temperature distribution of the studied dome model was analyzed. Because the solar radiation on June 21 is the strongest day, June 21 was chosen as the analysis time. The values of all parameters in the numerical simulation model were similar to those of the tested specimens.
The temperature distributions at typical time were shown in Figure 14 to Figure 16 . The temperature-time curve of typical node (the center node) is shown in Figure 17 . From these figures, it is clear that:
1) The temperature distribution is nearly uniform before sunrise or after sunset.
2) The temperature distribution is very no-uniform under solar radiation, especially around noon. Moreover, the temperature is very high around noon, up to 66℃ and 31℃ higher than the corresponding ambient temperature.
3) The temperature-time curve for the steel roof is similar to sine curve. 
Thermal Behavior
Using the temperature field obtained in the Section 4.1, the thermal behavior of the studied dome was analyzed by finite element method. In this paper, ANSYS software was adopted and the BEAM188 was used to simulate the members. The healing temperature for this studied model was assumed to be 10℃. The maximal nodal displacement D, the maximal member stress S, the maximal reaction force Fx (at radial direction), the maximal reaction force Fy (at circumferential direction) and the maximal reaction force Fz (at vertical direction) induced by temperature change on June 21 were shown in Figure 18 ~ Figure 22 . The maximal nodal displacement, the maximal member stress, the maximal reaction force Fx, the maximal reaction force Fy and the maximal reaction force Fz induced by dead load (1kN/m 2 ) were 9.5mm, 45.1Mpa, 293.8kN, 44.9kN and 249.1kN, respectively.
From these figures, following conclusions can be obtained:
1) The changing curves of D, S, Fx and Fz during a day is similar to the structural temperature changing curve.
2) The variation of D, S, Fx, Fy and Fz induced by temperature change during a day on June 21 were 37.4mm, 123.3Mpa, 176.2kN, 156.1kN and 59.5kN, respectively. They are 393.5%, 273.4%, 60.0%, 347.6% and 23.9% of the corresponding value under dead load. Therefore, it is concluded that the solar radiation has a significant effect on the structural behavior of steel dome structures.
3) Due to the remarkable variation of member stress, it is necessary to study the fatigue behavior of steel dome structure under solar radiation. 
CONCLUSIONS
1) A numerical model, based on a transient thermal FE analysis, was presented for evaluating the thermal performance of steel plates, and its precision is verified by the test data.
2) The daily temperature of ten steel plate specimens with different thickness and orientations were measured on 22 th July, 2010. From the test results, the following conclusions were obtained: a) the temperature of steel plates is uniform under solar radiation; b) the temperature-time curve for all point is similar to sine curve; c) The maximal temperature obtained in this experiment is 54.2 0 C , and for all specimens, the maximal temperatures usually occurred at 11:00~14:00; d) the temperature in thickness direction is uniform; e) the temperature distribution of steel plates is affected by its orientation.
3) The solar radiation has a remarkable effect on the member stress, nodal displacement and reaction force of steel lattice shell.
